Abstract: Surveillance is critical to understanding the epidemiology and control of infectious diseases. The growing concern over climate and other drivers that may increase infectious disease threats to future generations has stimulated a review of the surveillance systems and environmental data sources that might be used to assess future health impacts from climate change in Europe. We present an overview of organizations, agencies and institutions that are responsible for infectious disease surveillance in Europe. We describe the surveillance systems, tracking tools, communication channels, information exchange and outputs in light of environmental and climatic drivers of infectious diseases.
Introduction
Communicable disease epidemiology is closely linked to pathogen ecology, environmental and social determinants, economic factors, access to care, as well as the state of country development [1] . This has historically been mirrored in the different epidemics and new threats that have challenged humanity over time [2] . In today's world the development of our societies and the changes of environmental and global systems are happening at such an unprecedented scale and rapid rate that they will pose new challenges to the surveillance of infectious disease threats and the development of adaptive measures [3] . Climate change has been shown to have and to continue to have both direct and indirect effects on communicable diseases, often in combination with other drivers, such as increased global travel and trade [4] [5] [6] . It will therefore become more and more important to prepare for projected climate change impacts, both internationally and in Europe [4] , as some novel infections have the potential to spread widely and cause substantial morbidity and mortality. Public health actions are needed to prepare for the health impacts of climate change, particularly the infectious diseases ones [6, 7] . Although the impacts are predicted to be higher in developing countries than in developed ones [8] , it is thought that there will still be significant impacts in Europe [9] . Mapping is important in the investigation and measurement of these changes [10] , and a variety of analytical approaches are possible [11] . The impacts of climate change on infectious diseases are particularly focused on vulnerable groups [12] , but intervening on these groups has proven to be difficult at best [13, 14] .
Climate change manifests itself locally, regionally and globally, with altered patterns of temperature, precipitation, storms and winds reflecting the complex changes resulting from the slow increase in global temperatures that reflect the impact of increased greenhouse gases [6] . The frequency, duration, and intensity of heat waves have increased across Europe, and the last decade was the warmest ever recorded [15] . Climate change may impact infectious diseases in different ways [5] . Some of these impacts include an upward movement of tick vectors into higher latitude and altitude and a shift in the transmission of other vector-borne diseases. Food and water borne diseases are also susceptible to climate change because dispersion, transport, fate and environmental exposure pathways of these pathogens are intricately linked to local climate and weather conditions, although interventions may contribute more to change in the future than climate change.
Surveillance is the on-going collection, validation, analysis and interpretation of health and disease data needed to inform key stakeholders and enable them to take action through planning and implementing effective, evidence-based public health policies and strategies for the control and prevention of diseases and epidemics [16, 17] . Reported cases based on positive test results are often only the top of the surveillance pyramid ( Figure 1 ). The degradation of information through the surveillance hierarchy remains a challenge, with detailed records that are somewhat unstructured at the individual physician level and highly structured surveillance records with limited data fields, less detail and, for some countries with a poor ability to examine the original records at national and, thus, at EU level. Surveillance data need to be timely and distributed to those who need it for the early detection and control of outbreaks, for measuring the impact of interventions, or for undertaking research. Surveillance may be compulsory or voluntary, active or passive, case-based or aggregated (although aggregated data is usually less useful). Some environmental surveillance data can also contribute to disease surveillance processes. Ensuring that public health infrastructures are adequate is the best preparation for the coming changes in infectious diseases that will result from climate change and other drivers. It is therefore important to review existing surveillance systems and the data they provide as part of a response to these future risks. The purpose of this assessment is to review the current status of appropriate European monitoring systems. Here we examine the datasets they produce and assess their ability to monitor changes in infectious disease transmission and to pick up signals of new threats due to climatic and environmental change, as well as to identify potential weaknesses in their ability to detect climate change-related impacts.
This paper describes the infectious disease surveillance systems in place in the EU, cross surveillance initiatives and environmental surveillance data that can be used for investigating the environmental determinants of ID. The information sources are documented so that local, national and European public health practitioners and scientists can access these data to examine infectious disease epidemiology, evaluate intervention efficacy to look for impacts of climate and other change and to provide an evidence base for examining disease shifts and climate change adaptation initiatives.
Methods
The organisations, agencies, and networks involved in infectious disease surveillance in Europe were examined, along with their underlying legal framework, regulations, mandate and surveillance scope. Information on these organisations and networks, their current collaborations, the different surveillance systems and the environmental datasets was collected from surveillance experts, the peer-reviewed literature, grey literature and web sites of respective organisations, agencies and networks. Scientific and medical experts at the European Centre for Disease Prevention and Control were interviewed about the different surveillance systems maintained by the agency. Interviews were also held with a number of technical experts at other international agencies, including the European Food Safety Authority (EFSA). The methodology was predominantly descriptive, and designed to identify as many of the systems as possible. The ability of the different European surveillance systems to detect potential climate change signals was assessed, along with evaluations of how to best adapt these systems to identify new threats and changes in disease risks.
ECDC has developed the European Environment and Epidemiology (E3) Network with the goal of monitoring environmental precursors of epidemics and providing predictions that can be used for intervention [5] . The E3 Network has a group of experts in environmental epidemiology and a distributed, secure, web-based hub called the E3 geoportal [18] ; that provides access to environmental datasets for assessing determinants of infectious and modelling outputs. European public health agencies and researchers can use this platform in preparedness and response to infectious disease spread in the short and long term such as environmental and social changes. The initial building-block of the E3 data repository was the data acquisition from the Emerging Diseases in a Changing European Environment project (EDEN), an FP-6 funded initiative. Further collaborations are on-going with several FP7 project in order to enrich the data repository. The repository is also used as a secure place to store project-specific geo-spatial data, such as the TigerMaps, DengueMaps or V-Bornet which generate novel geospatial data. The data files are re-classified into themes and categories and amendments to the metadata files are done to make the data more suitable for storage and maintenance in a database.
Metadata standard for E3 data are formulated based on the mandatory elements of the INSPIRE metadata standards to the requirements of E3 on one hand, and ECDC-core metadata on the other hand. A set of metadata translation and compilation tools were developed to facilitate the authoring of metadata that complies with E3 standards. Contributors of data to the E3 Network can use these tools to author a compliant metadata file to accompany the data resources that they wish to submit to the E3 service. This tool is fully integrated into the E3 Geoportal. The environmental datasets cover a range of potential determinants of communicable diseases in the broadest sense: from past, current and future climatic parameters, landscape features, remote sensing information and socio-economic determinants that are known to have a key in human epidemiology (e.g., climate change datasets, land cover information, vegetation, hydrology, soil data, elevation, biota, wind speed; socio-economic data including population, economic, education, healthcare, hospitals, transport networks and statistics, migrant populations, demographic profiles, agriculture and livestock). Environmental datasets were identified and documented during the process of establishing the E3 Geoportal. Datasets from many sources were examined, and where relevant were stored for public access in the E3 Geoportal along with associated metadata. The data can be used in incident response, as a resource for investigation and to build understanding.
Results

Infectious Disease Surveillance Systems
Main infectious disease surveillance organisations, agencies and departments operating at the European level are documented (Table 1) . Several of these are essential data sources for surveillance streams that can be used for examining the impacts of climate and environmental changes on geographical distribution, morbidity and mortality. Surveillance systems include both indicator and event based systems [17] and include data from many sources that can include mortality data, morbidity reports, laboratory data, outbreak data and field reports, vaccine and drug utilization, primary care surveillance (including sentinel systems), sickness absence data, syndromic surveillance etc. (Table 2) .
European Union Member States (EUMS) have national surveillance systems using data from clinical (seldom used alone) and/or laboratory (e.g., salmonellosis) based systems, sentinel surveillance systems, in which only a proportion of practitioners or microbiologists report cases (e.g., influenza) or enhanced surveillance systems in which additional demographic and risk related data is collected (e.g., STEC/VTEC infection). The quality of data differs between EUMS, often by pathogen, due to differences in case definitions, the level of participation of data providers at different levels of the reporting systems (physician, hospital, laboratory diagnosis or laboratory reporting), technical equipment, and country-specific differences in health care systems organisation, surveillance infrastructure and public health capacity. ECDC has addressed these differences and is working to harmonize discrepancies through promoting disease networks and a common central health information system (TESSy). Launched in 1945, is the main United Nations agency for food, and is mandated to secure enough high-quality food for all, improving agricultural, animal food production and the world economy. FAO engages in all aspects of agriculture production, fishery, food quality and food safety, and in all the different stages of food production.
Animal Production and Health Division (AGA)
AGA is FAO's service for responding to animal disease emergences [22] . It includes the Animal Health Information Service (AGAH) Part of the Animal Production and Health Division (AGA) and is FAO's source of technical expertise required for the rapid and effective control of trans-boundary disease emergencies. In the case of an animal disease emergency AGAH focuses on a combination of disease detection, early warning and response. These activities are carried out jointly with OIE [23] . A joint global network initiated by WHO and FAO that aims at rapid exchange of food safety issues, shared information, and provision of help to countries in need. INFOSAN collaborates with several of the other surveillance and response networks and systems [37] .
The Global Foodborne Infections Network (GFN)
Event based threat tracking GFN is a collaborative project of the WHO and a network of institutions and individuals world-wide with the purpose to detect, control and prevent food-borne and other enteric infections "from farm to fork", with focus on inter-sectorial collaboration among human health, veterinary and food-related disciplines, and antimicrobial resistance in food-borne pathogens [38] .
The Rapid Alert System for Food and Feed (RASFF)
Event based threat tracking RASFF involves EUMS, the EU Commission and EFSA, and provides threat information about food and animal feed that could be a serious risk to human health (both microbiological and chemical threats) [39] .
Eurosurveillance Electronic Journal Reports weekly on current health threats across Europe [40] . [45] .
The Mortality database (WHO-MDB)
International surveillance WHO data allows age-and sex-specific analysis of mortality trends by broad disease-groups, as well as disaggregated to specific causes of death dated back to 1980 [46] .
The European Detailed Mortality Database (WHO-DMDB)
International surveillance
Provides mortality data by three-digit codes of the International Classification of Diseases, disaggregated by five-year age groups, back to 1990 [47] .
European Hospital Morbidity Database (WHO-HMDB)
International surveillance WHO data provides tools for the analysis and international comparison of morbidity and hospital activity patterns, based on hospital-discharge data by diagnosis, age and sex, back to 1999 [48] .
EFSA-EU-wide baseline surveys Food survey
The European Commission has organised baseline surveys on the occurrence of zoonotic agents in food and in various animal populations in the EU. EFSA is responsible for analysing and publishing the results of these surveys that will provide a knowledgebase for example for further considerations on specific control measures [49] .
EUMS disease surveillance systems National surveillance systems
Individual enhanced surveillance systems are organized for a number of key pathogens. For example a system of sentinel Dengue surveillance has been implemented in the Mediterranean region to monitor the emergence of autochthonous transmission.
Animal Disease Notification System (ADNS)
Animal surveillance
Animal diseases that EUMS are obliged to report are established through several pieces of legislation and are the responsibility of OIE (World organisation for animal health) and EU. Outbreak reports are sent by EUMS to the European Commission via the Animal Disease Notification System (ADNS) [50] .
World Animal Health Information System (WAHIS)
Animal based threat tracking WAHIS processes data on animal diseases in real-time and then informs the international community. WAHIS consists of an early-warning system and a monitoring system that monitors OIE listed animal diseases [23] . Food based event threat tracking GIEWS exchanges and analyses information about food production and security with other organizations, such as UN, governments, regional organizations, NGOs etc. and gets regular information from other early warning systems [52] .
World Health Organization surveillance (WHO)
Worldwide disease surveillance A portal to health statistics and detailed monitoring and assessment tools for key areas of health policy [53] .
Triple S Project (SSS) Syndromic surveillance
Started in Sep 2010 and co-financed by the European Commission SSS provides scientific and technical guidance for developing and implementing both human and animal syndromic surveillance systems, and produces an inventory of existing and proposed syndromic surveillance systems in Europe [54] .
Global Alert and Response (WHO-GAR)
Outbreak alert and response GAR is a global alert and response system for epidemics and other public health threats managed by WHO that helps EUMS to enhance epidemic preparedness, early warning alert and response [55] .
Global Outbreak Alert and Response Network (GOARN)
Outbreak alert and response WHO coordinates international outbreak technical response responses using resources from the Global Outbreak Alert and Response Network (GOARN) which was established in 2000 with the objectives of combating the international spread of outbreaks, ensuring that appropriate technical assistance reaches affected states rapidly and contributing to long-term epidemic preparedness and capacity building [56] .
European Surveillance of Antimicrobial Consumption Network (ECDC ESAC-Net)
Drug consumption database
Pharmacies keep records of drugs sold both with and without prescription. ESAC-Net was established to provide representative national antimicrobial consumption data since 1997, which is useful for monitoring antimicrobial resistance across EUMS [57] .
Network of medical entomologists and public health experts (Vbornet)
Vector borne disease surveillance
Produces distribution maps of the major arthropod disease vectors and related surveillance activities and defines priority strategic topics concerning the public health perspective of vector-borne diseases and vector surveillance [58]. Drugs sold at pharmacies have been examined as sentinels for several food-and water-borne diseases which can give mild gastro-intestinal symptoms but may cause large undetected outbreaks, even if a large proportion of the population is affected.
Physician visits Syndromic surveillance
Monitoring emergency department visits and patient visits to general practitioners are often used to detect outbreaks or increased risk of disease. Such information is available several days before results of microbiological sampling from patients. Monitoring increases in the occurrence of specific syndromes like gastrointestinal or lower respiratory symptoms are also possible.
Sickness records Syndromic surveillance
Monitoring increased absence from work, schools and day care centres can be a tool for early detection of food-and water-borne outbreaks, influenza and lower respiratory infections.
Ambulance records Syndromic surveillance EUMS using rapid computerized reporting systems that monitor ambulance records can provide early information of increases in the occurrence of diseases/symptoms such as respiratory, gastrointestinal and influenza outbreaks.
Telephone surveys Syndromic surveillance
In some EUMS Health Authorities contact people to elicit specific symptoms in order to detect the initiation of seasonal influenza increases.
Prior to the establishment of ECDC there were 17 dedicated (active) surveillance networks for various pathogens and some standardised case definitions. Historically, some of the surveillance data from different EUMS were not equivalent, representing as they were diverse diagnostic, laboratory and surveillance infrastructures as well as differences in prior exposure and infection rates within the EU community. Since European Centre for Disease Prevention and Control (ECDC) came into operation in 2005 region-wide surveillance data have been collected for over 52 notifiable diseases. For each notifiable disease a common standardized case definition has been agreed upon by the EUMS and ECDC, sometimes resulting in countries reporting data to ECDC that is different from that used at a national level. There is a central system for reporting notifiable disease and the case definitions and list of diseases is updated periodically.
Mandatory notification and laboratory surveillance are very effective in monitoring threats related to known risks. Such indicator-based surveillance will be able to show trends over time as well as changes in geographical distribution within the EU region, for example a spread of leishmaniasis or of tick-borne diseases and their vectors towards higher latitudes and altitudes due to a changing climate [62, 63] .
Event-based surveillance, on the other hand, focuses on recognizing new signals and emerging threats through the collection and study of unstructured data such as news releases, internet-based information and other epidemic intelligence sources. Outbreaks of non-notifiable diseases in an area will be observed through this type of surveillance as well as new threats. The emergence of wound infections in the northern countries around the Baltic Sea in the early/mid 2000s when several deaths occurred due to higher concentrations of non-toxigenic Vibrio cholerae in bathing waters after periods of unusually high water temperatures [64] .
Laboratory Surveillance
Most of the common surveillance systems are based on laboratory surveillance, while mandatory reporting of some diseases by physicians occurs in some countries. Routine laboratory based surveillance may not be sufficient to detect emerging, re-emerging and new diseases and other types of surveillance are necessary, such as syndromic or sentinel surveillance, as well as surveillance of animal diseases, animal infections, environmental changes, drinking water and bathing water quality, food contamination etc. with increased collaboration between these reporting systems at a European level.
Both food and animal data are sometimes collected in a less systematic way than human disease data. Some EUMS have mandatory reporting (i.e., notification) for some or all reportable diseases both from laboratories and physicians and the number of physician reported cases are often not comparable with the number of confirmed laboratory reports for the same disease.
Pathogen specific surveillance is important for some pathogens that might be climate change related, and the pathogens that are most likely to be sensitive to climate change have been proposed [6] . Molecular surveillance uses the laboratory typing of pathogens to focus on a subset of pathogens and take action where there is an increase. ECDC initiatives on molecular surveillance are currently focusing on Salmonella and Listeria infections. An examination of long term trends in the impact of temperature on salmonellosis showed that this had changed over time and suggested that the impacts of climate change on different serotypes as a result of raised temperature have declined more recently [65] . There are also sequence databases focusing on organism phylogeny that can contribute to the understanding of human and animal diseases [66] , but this paper has not reviewed these. There are also publications relating to climate change indicators [67] , but these are not reviewed here.
There are a number of areas where classical surveillance may not capture all human infections [68] . Some pathogens are only commonly detected through cytology, histology, parasitology or haematology departments and reporting of infectious diseases from these may not be as complete as from diagnostic microbiology laboratories (e.g., Pneumocystis jirovecii; Tropheryma whipplei; Enterocytozoon bieneusi, Plasmodium spp. respectively) [69] .
Syndromic Surveillance
Syndromic surveillance uses health-related information as a tool to monitor trends for any unexpected health outcomes and to detect outbreaks. This can sometimes be better for early detection of outbreaks such as seasonal influenza [70, 71] and some environmental/climate related outbreaks. For example for the early detection of water-borne outbreaks after flooding events, by collecting data on over-the-counter sales of drugs, or calls made to telephone help lines [72, 73] . An EU project called "TRIPLES" made an inventory of syndromic surveillance systems in place in Europe as well as proposing the development of a European platform for monitoring threats using syndromic surveillance data [74] . One of the well-known limitations of syndromic surveillance is that it is unspecific and can give false positive signals [75] .
Sentinel Surveillance
The sensitivity of disease ID monitoring can be enhanced through sentinel surveillance where a rapid assessment of the incidence in certain area and during a certain season can be achieved. Designated sites are selected as sentinel institutions to represent a random sample of the population, in a certain area. Sentinel surveillance is useful for answering specific epidemiologic questions in a certain region, but may not represent the general population or the general incidence of disease, and may have limited usefulness in analysing national disease patterns and trends. Sentinel surveillance has been used for a long time to predict and follow increasing/decreasing trends during the influenza season [76] . A European system of sentinel dengue surveillance has been implemented in the Mediterranean region to monitor the emergence of autochthonous transmission [77] . Sentinel surveillance could be used to answer research questions such as the current distribution and incidence of a disease in a specific area, with follow-up studies examining changes over time and in space due environmental and/or climate change. For example, the incidence of Tick Borne Encephalitis (TBE) in an area could be studied by an on-going cross sectional sero-survey of all encephalitis patients that are admitted to a specific numbers of hospitals during a year, or by testing the blood of blood donors from a specific area, or by following annual seroconversion in a specified population. If this is only done for a short period this would be classed as a cross-sectional study. Positive serological results should be followed-up from an epidemiologic point of view, and could then be studied in relation to different determinants and drivers.
Cross-sectoral Surveillance
Surveillance collaboration between different sectors is useful for early detection of potential threats, or to assess changes in risk area distribution and in seasonal incidence. Collaboration between human case reporting systems at the national levels and within ECDC and other agencies/organisation (like EFSA, FAO, WHO, see Table 1 ) could be further strengthened. In addition, human infectious disease surveillance (Figure 2 ) benefits from collaborations with other sectors, such as the veterinary investigation of agricultural, domestic and wild animals, vector surveillance (e.g., VBORNET, see Table 3 ), water monitoring (drinking and bathing waters), food safety ("From the Farm to the Fork"), tourist industry and trade, travel information, health systems (including vaccination coverage), etc. 
D,W Europe
Global administrative areas
The database provides the world's administrative boundaries at country and lower level subdivisions [80] .
D World
Atmospheric Conditions
Advanced Very High
Resolution Radiometer
The AVHRR is a radiation-detection imager used to estimate mainly meteorological, hydrologic and oceanographic These MODIS data enhance the understanding of global dynamics and processes occurring on the land, in the oceans, and in the lower atmosphere. This is a key data source for epidemiological applications.
MODIS (or Moderate Resolution
Imaging Spectroradiometer) is a sensor aboard both Terra (EOS AM) and Aqua (EOS PM) satellites. The Earth's surface is fully acquired every 1 to 2 days with 36 spectral bands at 250 to 1,000 m resolution [109] . The project focuses on investigating the biological, ecological and epidemiological components of vector-borne disease introduction, emergence and spread. This site the EDENext project host a Data Portal designed as a resource for the project partners posting spatial data, tools and links [119] .
D Europe EuroGeoGraphics
EuroGeographics is an international non-profit association with 52 national mapping and cadastral agencies as members.
EuroGeographics is providing users with four pan European geographic datasets: EuroDEM (ground surface topography),
EuroBoundaryMap (EBM), EuroRegionalMap (ERM) and EuroGlobalMap (EGM). Eurographics is contributing to
the European Location Framework aiming to build a geospatial reference data infrastructure and provides interoperable reference data and services from national information [120] . The Global Change Master Directory is one of the largest public data/metadata inventories which cover subject areas within the Earth and environmental science, The GCMD serves as an entry point for access to NASA Data sets, ancillary description, Services and tools with more than 29,000 Earth science data set and service descriptions [128] .
D Europe
D, W Europe
Global Environment
Outlook portal
The GEO Data Portal is the authoritative source for data sets used by UNEP and its partners in the Global Environment
Outlook report and other integrated environment assessments [129] . D World GoGeo EDINA delivers online Geospatial resources for education and research, services and tools to benefit students, teachers and researchers in UK [130] . D World
GRID-Arendal
GRID-Arendal is a centre collaborating with the United Nations Environment Programme (UNEP) is hosting a gallery of maps and g graphics Library cataloguing graphic products from the last 15 years in a wide range of themes related to environment and sustainable development [131] . The Vector Map Level 0 (VMap0-low resolution) and Level 1 (VMap1-medium resolution) databases are designed to provide vector-based geospatial data representing six continental regions of the world. Vmap0 can be ordered (four CDs) [138] . D World
WorldMap
The WorldMap open source platform is being developed by the Center for Geographic Analysis (CGA) at Harvard University to explore, visualize, edit, download and publish geospatial information. A wide collection of resources are available under the WorldMap data repository [139] .
D World
Geographical Names
Geonames Geographical database on place names in various languages [140] . D Europe
Geology and Soil
One Geology Europe OneGeology-Europe aims to create a dynamic digital geological map data for Europe Geological datasets [141] . D Europe
European Soil Portal
Under The Land Resource Management Unit at Institute for Environment and Sustainability (JRC), ESP contains digital resources grouped in data, maps and application/services on soil information; at European scale, while, when possible, links to national or global datasets [142] . 
D, W Europe
Human Health and Safety
Atlas on water and health (V2)
The atlas provides information about indicators related to health, water, and sanitation using country-wide data on a yearly GLWD-2 were combined with additional information on the maximum extents and types of wetlands. Class "lake" in both GLWD-2 and GLWD-3 also includes man-made reservoirs, as only the largest reservoirs have been distinguished from natural lakes. It draws upon existing maps, data and information, producing new data which contains the best available sources for large lakes and reservoirs, smaller water bodies and wetlands, and was developed in partnership with the Center for Environmental Systems Research, University of Kassel, Germany [146] .
D World
Global Water Scarcity Information
Service (GLOWASIS)
GLOWASIS is a collaborative European FP7 project aimed at pre-validation of a GMES Global Water Scarcity Information Service in combining hydrological models and in-situ and satellite derived water cycle information [147] . D Europe
International Water Management
Institute (IWMI) IWMI produces the global irrigated area map and associated products (global map of irrigated area, Global map of Rained Cropped
Areas, Global map of all land use/land cover and areas) based on using multiple satellite sensor and secondary data [148] . D World Table 3 . Cont. 
Data Source
Oceanographic Geographical Features
Global Marine Information
System (GMIS)
The GMIS WMS about on Earth Observation data, derived from optical and infrared satellite sensors are accessible in 2 dataset resolutions (4 km or 9 km) for several sensors (MODIS-AQUA, SEAWiFS, MERIS, PATHFINDER) at the global, Africa, Pacific and Caribbean geographical coverage [160] .
W Europe
Global Multi-resolution Topography Data Portal (GMRT) The Global Multi-Resolution Topography (GMRT) synthesis is a multi-resolution compilation of sonar data collected World [161] . D, W World (ocean) Oceancolorweb Satellite data products from NASA's ocean observation [162] . [165] .
D Europe
Global Rural-Urban Mapping Project, Version One (GRUMPv1) World high resolution gridded population data based on satellite measurement and census data published in 2011 [166] . The World database of Intact Forest Landscape is based on a global assessment of intact forest landscapes based on available satellite imagery. This corresponds to areas of forest landscapes larger than 500 km 2 that are fragmented by roads, settlements, waterways, pipelines and power lines [170] .
D World
Species Distribution
Gridded Livestock of the World (GLW)
The resource correspond contemporary global distribution maps for the main species of livestock (cattle, buffaloes, goats, sheep, pigs and poultry) [171] . D World
Livestock Geography Atlas Global
Livestock Production and Health
The interactive atlas is aiming to present global animal production and health statistics (map, World Port Index The world-wide database contains the location and characteristics of major ports and terminals (tabular format and GIS files) [175] . D World
Utility and Governmental Services
Global Disaster Alert and
GDACS is a cooperation framework between the United Nations (UNOSAT and OCHA), disaster managers and the European Commission aiming at filling the information and coordination gap in the first phase after major disasters with Event-based data, map and satellite imagery [176] . UNITAR'S Operational Satellite Applications Program (UNOSAT) is a programme delivering imager analysis and satellite solutions to UN and development organisations under the scope of humanitarian relief, human security, strategic territorial and development planning [177] .
D World
Collaboration on surveillance between human and veterinary sectors occurs at local, national and international level (e.g., investigation of STEC/VTEC outbreak in Germany; reporting of Highly Pathogenic Avian Influenza poultry outbreaks to the Commission) to detect changes in zoonotic disease risk, in combination with vector surveillance in areas where land cover/land use and climatic conditions are, or will become favorable for disease transmission. To ensure cross-sectoral surveillance activities, information to local stakeholders and actors are important to initiate and increase active participation.
Data on food, water and the environment that derive from disease control programs and process monitoring are important in preventing human health threats. This includes official controls, surveillance and other monitoring that are used to covering all stages of production, processing and distribution of food, together with information to the public of any risks to health. Regulation 178/2002/EC [178] states that food and animal feed on sale in EUMS should be safe. Food businesses are responsible for ensuring that their food and animal feed fulfils legal requirements and are checked by food authorities related to the producer or at import from non-EU states. There is free movement of foods within Europe and food checked by local food authorities does not normally need to be re-checked. Unsafe food is withdrawn from the market and public warnings issued, with information reported to the Rapid Alert System for Food and Feed (RASFF) which provides food control authorities with a means for exchanging information about serious risks from food or feed.
Incidents where there is microbiological contamination of foods with Salmonella, Campylobacter, Listeria monocytogenes, verotoxigenic E. coli, and Yersinia, are also reported. The specific nature of molecular typing systems (e.g., Salmonella) can mean that the isolation of a pathogen from a food product can be used to link to identical isolates detected in a number of patients. The increasing use of typing based on whole genome sequencing may make raw food monitoring more productive in attributing pathogens detected to source food animals and transmission pathways. EUMS use different types of surveillance and monitoring to detect food-borne outbreaks. It is crucial that a food-borne outbreak is detected immediately in order to protect members of the public from preventable diseases. EUMS with suspected international outbreaks can communicate through the EPIS secured network at ECDC to report food-borne outbreaks on both mandatory and optional bases to EFSA. The aim is to follow trends, detect deviation from trend and examine emerging public health risks from new agents and food items. EFSA and ECDC are collecting this information and present it annually in the European Union Summary report on trends and sources of zoonoses, zoonotic agents and food-borne outbreaks in the European Union [179] .
Environmental Surveillance
Environmental surveillance has been widely used for the detection of disease outbreaks, in disease reduction and as indicators for early warning systems and for source attribution [180] [181] [182] [183] [184] [185] [186] . The institution and data source platform are summarized into the Table 3 .
The European Drinking Water Directive [187] on the quality of water intended for human consumption state that EU Member States must monitor potable water and take action if contaminated. EUMS can decide themselves if they want to include monitoring of private water sources as well. The monitoring of potable waters for Cryptosporidium oocysts in the UK has, for example, resulted in the early detection of outbreaks of cryptosporidiosis, in some cases with oocyst detection in water before the start of the outbreak [188] . Monitoring and control of oocysts in potable waters has resulted in significant reductions in cases of human cryptosporidiosis [189] .
The E3 network aims to facilitate collaborative initiatives through the compilation and processing of environmental datasets, correlation and advanced analysis, supporting risk assessments and the rapid detection of emerging public health threats related to environmental factors. Previous work has included malaria, tick borne encephalitis (TBE) and vibriosis. Europe has since 2006 also had a Bathing Water Directive [190] that obliges EUMS to monitor bathing waters. The directive covers all types of surface waters (coastal and inland areas) where a large number of people are bathing.
Discussion
Use of Surveillance Data to Detect Changes in Threats, Studying Causes and Drivers, Project Changes in Risks, and Develop Adaptation Tools
Surveillance is, as described above, primarily used to detect changes in threats; either an increase in outbreak frequency, changes in seasonal incidence, changes in geographical risk distribution, or the introduction of new pathogens and/or disease vectors into new areas.
Surveillance data can also be used to study relationships with different determinants and drivers, such as climatic, environmental, socio-economic or demographic factors to better understand causes of observed changes. This is often done either by analyzing times series of reported cases, (detecting outbreaks retrospectively or prospectively) and comparing them to times series of exposure parameters or in seasonal incidence over time in an area, by in-depth studies of a specific outbreak, or by studying current differences between geographical areas if reliable historical data is not available. Outbreak surveillance is for example useful in the area of waterborne diseases [191] , and the relations between rainfall and outbreaks has already been examined [192] [193] [194] . Both heavy rainfall and periods of sustained low rainfall appear to be associated with outbreaks. Similarly, cholera outbreaks have been analysed to examine global differences in seasonality [195] .
Satellite and other remote data sources are useful tools when studying links between environmental and disease datasets over a larger geographic area, like the whole of Europe for example (Table 3) . Satellite and remote sensing have been used to monitor and develop early warning systems for disease outbreaks and are being tested for some diseases world-wide [196] . Cholera outbreaks around the Gulf of Bengal can for example be projected by combining satellite monitoring of sea water surface temperatures and chlorophyll concentrations near the coast (indicating algal blooms in nutrient waters). Early-warning systems at a local level are, on the other hand, usually based on observed local data instead of satellite data. The Czech Republic has developed an early warning system for the risk of tick-borne diseases (TBE and Lyme borreliosis) based on a combination of known vector distribution (based on data from continuous vector surveillance), the ecology of tick activity, and weather forecasts over the coming week [197] .
Disease vector models, for example, are often based on a combination of satellite data or local land cover/land use and climatic data, vector surveillance data, known vector ecology, and outcomes of climate change scenarios for the region. A country-based model on the northern spread of Lyme borreliosis in Sweden over the coming decades has been constructed based on a combination of vector surveillance data, tick ecology, local land cover and local climate change scenarios [198] . Accordingly, satellite data was the basis for models on possible distribution changes in Europe due to climate change of the Asian tiger mosquito, Aedes albopictus, the main vector of dengue fever and chikungunya fever in Europe [199] . Projections about future changes in disease risks due to environmental or climate changes can be made based on surveillance data in combination with temporal and geographic models derived from known epidemiological and ecological factors related to certain diseases. Such projections can either be made on a local scale or for a whole region. Projections that are applicable across countries are often based on satellite images and remote sensing in addition to other data.
Risk assessments of possible future changes in infectious disease risk from climate change in combination with other disease drivers [3] can be made either based on mathematical scenario models like the ones described above, or through theoretical models based on surveillance data and projections [200] . Adaptation measures and tools can then be developed in collaboration with local stakeholders and policymakers [200] .
Access to Data
The examination of human disease against environmental data has a number of limitations that can make it difficult to conduct useful analysis. Not all the sources described in the tables provide easy on-line access to data, and some are covered by legal stipulations or commercial limitations. Human infectious disease data is subject to confidentiality and data security rules. Environmental data can be subject to problems including format, temporal and geographic resolution, completeness, and period covered, while human disease data can also be limited by temporal and geographic resolution as well as lack of demographic identifiers, risk markers and molecular typing data. There are also mapping issues in linking vector and raster based data. The development of geoportals to facilitate easy access to environmental data should improve access, and the ECDC E3 geoportal [18] developed for use with infectious diseases should improve this. For TESSy data there have been standards for reporting to provide comparable datasets and access rules to share data, but there is still diversity in the temporal basis of the report (e.g., onset, specimen, lab report, reporting date).
Completeness and Consistency of Human Disease Data
The human disease datasets are subject to variations in quality, and results can differ substantially between countries, both with regard to how the data is collected, what temporal and geographic markers are reported and the ascertainment level, that reflects differences in the whole chain from patient to physician to laboratory to surveillance reporting. Diagnostic and typing methodology can differ between laboratories and countries. Large studies using data from across Europe can allow interesting approaches to analysis, but TESSy data may be available for only a few years, and for most countries only at country level (NUTS 0). While national datasets can be accessed that extend over longer timescales these can require effort and agreement to establish for many countries.
Completeness and Consistency of Environmental Data
Many of the environmental datasets are obtained from remote satellite observation of the earth and their outputs are based on algorithms that are subject checked by ground observation data. Data can be missing because of cloud cover and many of the datasets are corrected for this using interpolation from adjacent geographic and temporal readings. Some datasets are more readily accessed than others, and there can be considerable differences in the temporal and geographic resolution of different types of data. The satellites providing datasets change over time and this may affect data quality, but the quality across Europe is thought to be good.
Conclusions
There are a range of organisations, institutions, systems and other tools involved in infectious disease surveillance in Europe at both national and EU regional levels. The quality and consistency of the data that these produce could in many cases be further improved. Increased collaborations between systems and across sectors as well as standardized definitions and methodologies would allow data to be analysed between locations and over time. Early signals of changes in disease burden and in geographical distribution as well as the introduction of new threats into the EU region due to environmental and climatic changes would be easier to pick-up and analyse in order that EUMS can develop adequate response measures.
Linking geographic information with infectious disease surveillance data can in many cases lead to a better understanding of the disease epidemiology in general and the impact of climate change in particular. This will require a more detailed understanding of the infectious disease drivers and how they interact [3] . Infectious disease data from national, expert and EU reference and surveillance systems such as TESSY data should provide the evidence base. Human case data need to be collected in a consistent way, while keeping the confidentiality of patient data. It should include parameters e.g., date of onset/specimen/ reporting/outbreak, and geographic location of infection. This should allow better linkage to different satellite derived variables, e.g. climate variables, land cover/land use data, vegetation index, and demographic data, as well as observed data on other relevant variables and drivers (Figure 2 ) depending on the eco-epidemiology of the specific infectious disease that is under study. The EU Member States will benefit from the results of such regional analyses by increased information about changes in geographical distributions, seasonality, disease burden, risk populations and possible new threats in different parts of the EU region. This can inform policy makers and intervention strategies.
